ABSTRACT Background: US adults have access to multiple sources of folic acid. The contribution of these sources to usual intakes above the tolerable upper intake level (UL) (1000 lg/d) and to folate and vitamin B-12 status is unknown. Objective: The objective was to estimate usual folic acid intake above the UL and adjusted serum and red blood cell folate, vitamin B-12, methylmalonic acid, and homocysteine concentrations among US adults by 3 major folic acid intake sources-enriched cerealgrain products (ECGP), ready-to-eat cereals (RTE), and supplements (SUP)-categorized into 4 mutually exclusive consumption groups. Design: We used data from the National Health and Nutrition Examination Survey (NHANES) 2003-2006 (n = 8258). Results: Overall, 2.7% (95% CI: 1.9%, 3.5%) of adults consumed more than the UL of folic acid. The proportions of those who consumed folic acid from ECGP only, ECGP+RTE, ECGP+SUP, and ECGP+RTE+SUP were 42%, 18%, 25%, and 15%, respectively. Of 60% of adults who did not consume supplements containing folic acid (ECGP only and ECGP+RTE), 0% had intakes that exceeded the UL. Of 34% and 6% of adults who consumed supplements with an average of 400 and .400 lg folic acid/d, ,1% and 47.8% (95% CI: 39.6%, 56.0%), respectively, had intakes that exceeded the UL. Consumption of RTE and/or supplements with folic acid was associated with higher folate and vitamin B-12 and lower homocysteine concentrations, and consumption of supplements with vitamin B-12 was associated with lower methylmalonic acid concentrations (P , 0.001). Conclusion: At current fortification levels, US adults who do not consume supplements or who consume an average of 400 lg folic acid/d from supplements are unlikely to exceed the UL in intake for folic acid.
INTRODUCTION
Rates of neural tube defects declined in conjunction with the full implementation of fortification of enriched cereal-grain products (ECGP) with 140 lg folic acid/100 g flour in the United States in 1998 (1) (2) (3) (4) (5) . Serum folate concentrations for all segments of the US population more than doubled between 1988-1994 and 1999-2004 (6) . This raised the question of whether or not some subgroups might exceed the tolerable upper intake level (UL) for folic acid, ie, 1000 lg/d for adults aged 19 y. The UL, which is the highest usual intake level of a nutrient that is likely to pose no risk of adverse effects in healthy persons, was set by the Institute of Medicine to ensure that the diagnosis of macrocytic anemia due to vitamin B-12 deficiency would not be masked by excess intake of folate from fortified foods or supplements (ie, folic acid) and lead to delays in treatment and an increased risk of developing neurologic complications (7) .
During the postfortification era, US adults can consume multiple sources of folic acid, eg, ECGP, ready-to-eat cereals (RTE), and supplements (SUP). The prevalence of US adults whose usual intake exceeds the UL is unknown. Previous studies used one 24-h dietary recall (8) or average data from multiple dietary recalls (9) , both of which can bias the estimate of the proportion of adults who exceed 1000 lg/d (10, 11) . One study adjusted for within-individual variation in dietary intake, but estimated total folate, rather than folic acid, intake (12) . Data on the associations of source of folic acid with folate and vitamin B-12 status are limited to small nonrepresentative populations or to intake of either dietary or supplement sources of folic acid, but not both (9, (13) (14) (15) . Results from a previous investigation in US adults in [2001] [2002] [2003] [2004] suggest that the average consumption of folic acid from supplements and from RTE was positively and strongly associated with quintiles of serum folate concentrations (16) . In the present study, we determined the proportions of the US adults in [2003] [2004] [2005] [2006] with usual intakes that exceeded the UL and folate and vitamin B-12 status by source of folic acid intake.
SUBJECTS AND METHODS

Study population
Data were obtained from the National Health and Nutrition Examination Survey (NHANES), a stratified multistage probability survey designed to represent the civilian, noninstitutionalized US population. Data for NHANES were collected by the National Center for Health Statistics (NCHS) at the Centers for Disease Control and Prevention (CDC) via household interviews and physical examinations. Detailed information is available elsewhere (17, 18) . The survey was reviewed and approved by the NCHS ethics review board, and participants provided written informed consent before participation. The nonpregnant adult populations aged 19 y from NHANES 2003-2004 and 2005-2006 were selected for this evaluation because the UL for daily folic acid intake is the same for all nonpregnant adults (1000 lg/d) (7), and two 24-h dietary recalls were available on survey participants (17, 18) .
The overall unweighted examination response rates for adults in NHANES 2003 NHANES -2004 NHANES and 2005 NHANES -2006 were 69% and 71%, respectively, calculated as the number of examined adults divided by the total number selected for the sample (19, 20) . Of the nonpregnant adults aged 19 y who attended the medical examination center (MEC) (n = 9478), we excluded 584 participants with incomplete data on the first or second 24-h dietary recall, ie, did not meet the minimum acceptable standards for data quality. We then excluded 627 who were missing information on the second 24-h dietary recall such that we could not code their consumption of RTE with folic acid (see below). We excluded an additional 9 who were missing information on use of supplements containing folic acid, which left 8258 participants for analyses.
For (21, 22) . Estimates of folic acid intake are reported in micrograms and were not converted to micrograms of Dietary Folate Equivalents, which adjusts for the higher bioavailability of folic acid than of natural food folate.
The individual food file for each 24-h dietary recall contains the estimated nutrient consumption for every food reported by every participant. From these files, we selected participants who reported consumption of at least one food coded as an RTE (food codes 57000000-57418000). For each of these participants, we summed the amount of folic acid consumed from RTE in the previous 24 h. A small percentage of participants (,2%) consumed RTE that did not contain folic acid. Participants who reported consumption of RTE that contained folic acid on either day of the two 24-h dietary recalls were classified as consumers of RTE with folic acid.
During the household interviews, participants were asked about their use of dietary supplements during the past 30 d. For each supplement, the participant was asked the number of days of consumption and the quantity consumed per day. The interviewer recorded the name of each product and matched it to a list. After the survey, trained nutritionists obtained label information and determined ingredients and serving size (ie, tablets or ounces per dose). A participant was classified as a consumer of supplements containing folic acid if he or she reported consuming any supplement with folic acid during the past 30 d. For each individual, the amount of nutrients was summed across all supplements with folic acid consumed and divided by 30 to yield the average daily amount of supplemental nutrients. The total nutrient intake on each day was calculated as the amount of nutrients from foods on that day plus the average daily amount of nutrients from supplements. (23, 24) . Plasma MMA concentrations were measured by gas chromatography-mass spectrometry with cyclohexanol derivatization (23) . We arbitrarily defined high serum folate concentration as .20 ng/mL based on the highest calibration point in the Bio-Rad assays before protein diluent is needed, which was similar to the 95th percentile for the US population before fortification, ie, 17 ng/mL (1). We arbitrarily defined vitamin B-12 depletion as ,300 pg/mL. Not considered to indicate deficiency, this threshold can indicate the need for further investigation of vitamin B-12 deficiency with MMA and homocysteine (7, 25) .
Biochemical measurements of folate and vitamin B-12 status
Covariates
Questionnaire information included sex, age, race-ethnicity, and smoking status. Race-ethnicity was reported by participants based on a list that included an open-ended response. NonHispanic blacks and Mexican Americans were oversampled in NHANES. For analysis, race-ethnicity was categorized as nonHispanic white, non-Hispanic black, and Mexican American. Sample sizes for other race-ethnicity groups were too small for meaningful analysis. Smoking status was based on the response to the following question: "Do you now smoke cigarettes?" Height and weight were measured by using standard protocols and calibrated equipment in the MEC. Body mass index (BMI) was calculated as weight (in kg) divided by height squared (in m). Day of the week is the day of the week on which the 24-h dietary recall was collected.
Statistical analyses
Adults were classified into 4 mutually exclusive folic acid consumption groups: 1) fortified foods excluding RTE or supplements (ECGP only), 2) ECGP plus RTE cereals excluding supplements containing folic acid (ECGP+RTE), 3) ECGP (excluding RTE) plus supplements containing folic acid (ECGP +SUP), and 4) ECGP+RTE+SUP. Participants in groups 3 and 4 consumed supplements containing folic acid. Participants in groups 2 and 4 consumed RTE with folic acid. Proportions and 95% CIs of US adults in each folic acid consumption group were estimated overall and by sex, age, and race-ethnicity group.
Distributions [eg, medians and interquartile ranges (IQRs)] of usual folic acid and vitamin B-12 intakes and the prevalence of folic acid consumption .1000 lg/d overall and by folic acid consumption group were estimated by using data on total usual folic acid intake from both of the 24-h dietary recalls and Software for Intake Distribution Estimation (PC-SIDE version 1.02, 2003; Department of Statistics, Iowa State University) (26) (27) (28) . Dietary data from a single 24-h dietary recall does not represent usual intake because of the within individual day-today variation in diet and may bias the estimates of the proportion of individuals above or below a certain nutrient intake level (10, 11) . PC-SIDE requires that at least some of the respondents have multiple days of nutrient values to estimate the within-and between-individual variation (27) . A small percentage (,1%) of participants with an initial 24-h dietary recall had incomplete or no data on the second 24-h dietary recall and their values on the second recall were considered "missing." The usual natural food folate intake was also estimated by folic acid consumption groups and selected sociodemographic characteristics.
In PC-SIDE, all analyses were adjusted for age, sex, raceethnicity, interview method (in person or by phone), and day of the week. SEs were estimated by using a set of 60 jackknife repeated replication weights with PC-SIDE. Jackknife replication weights were calculated by using a combination of dietary weights based on the second 24-h dietary recall for most of the participants, and dietary weights were based on the first 24-h dietary recall for the few who did not have a second recall. Multiple linear regression models were used to estimate the geometric means (least-squares means) and 95% CIs for serum and RBC folate, homocysteine, vitamin B-12, and MMA concentrations by folic acid consumption group adjusted for sex, age, race-ethnicity, current smoking status, and BMI. Because the distributions of these biomarkers were skewed, the natural log was used. Satterthwaite-adjusted F tests were used to examine the statistical significance of differences in the adjusted geometric means. Adjusted relative differences (exponentiated b coefficients) and 95% CIs are reported in the text.
Logistic regression was used to estimate the prevalences (ie, predictive margins) and 95% CIs of high serum folate and vitamin B-12 depletion adjusted for age, sex, race-ethnicity, current smoking status, and BMI. Interactions of folic acid consumption group with age, sex, and race-ethnicity group were tested from the differences in the log-likelihood ratios and df for models with and without the interactions terms in relation to the chi-square distribution.
Differences in the proportions of US adults in folic acid consumption groups by sociodemographic characteristics and prevalences of high serum folate and vitamin B-12 depletion by folic acid consumption groups were evaluated with the chi-square test. All tests were 2-tailed, a = 0.05. Sample weights were used for all analyses to account for differential nonresponse and noncoverage and to adjust for planned oversampling of some groups. We analyzed all data except, usual intakes (for which we used PC-SIDE as described previously), using SUDAAN statistical software (release 9.0; Research Triangle Institute, Research Triangle Park, NC) to account for the complex sampling design (29) .
RESULTS
Among US adults, 42%, 18%, 25%, and 15% reported consumption of folic acid from ECGP only, ECGP+RTE, ECGP +SUP, and ECGP+RTE+SUP, respectively ( Table 1 ). The proportion of US adults in the 4 consumption groups differed by sex, age, and race-ethnicity. Compared with women, a lower proportion of men consumed folic acid from supplements (36.2% compared with 43.0%; P , 0.001). Compared with adults aged 19-39 y, a higher proportion aged 60 y consumed folic acid from supplements (51.7% compared with 30.2%; P , 0.001). Compared with non-Hispanic white adults, a lower proportion of non-Hispanic black and Mexican American adults consumed folic acid from more than one source (62.6%, 42.1%, and with 41.7%, respectively; P , 0.001).
Usual intake of folic acid, vitamin B-12, and natural food folate
The usual median intake of folic acid differed across folic acid consumption groups ( Table 2 ) (P , 0.0001). After adjustment for measurement error, age, sex, race-ethnicity, interview method (in person or by phone), and day of the week, usual median intakes) of folic acid for ECGP only, ECGP+RTE, ECGP+SUP, and ECGP+RTE+SUP were 138, 274, 479, and 635 lg/d, respectively. Differences across consumption groups in usual median intakes were consistent within sex, age, and raceethnicity groups.
Adjusted usual median intakes of vitamin B-12 for ECGP only, ECGP+RTE, ECGP+SUP, and ECGP+RTE+SUP were 4.3, 7.3, 15.7, and 18.6 lg/d, respectively (Table 2) . Differences across consumption groups were consistent within sex, age, and raceethnicity groups. Across folic acid consumption groups, adjusted usual median intakes of natural food folate varied from 197, 205, and 208 to 212 lg/d, respectively. Average usual intake of natural food folate differed slightly between supplements users and nonusers (ECGP only and ECGP+RTE compared with. ECGP+SUP and ECGP+RTE+SUP; P , 0.05) among the total population, among women, and among adults aged 19-39 y, but not among other sex, age, and race-ethnicity groups (see Supplemental Table 1 under "Supplemental data" in the online issue).
Of the total US adult population, an estimated 2.7% (95% CI: 1.9%, 3.5%) exceeded the UL for folic acid. Of the 60% of adults who did not consume supplements containing folic acid (ECGP only and ECGP+RTE), 0% exceeded the UL (Figure 1) . Of the adults who consumed ECGP+SUP and ECGP+RTE+SUP, 5.5% (95% CI: 3.0%, 8.0%) and 9.4% (95% CI: 5.5%, 13.3%) exceeded the UL, respectively. Except for men and adults aged 60 y, estimates of the proportion above the UL were statistically unreliable across consumption groups when stratified by sex, age, and race-ethnicity and are not shown. Of any population subgroup, usual folic acid intakes of adults aged 60 y who consumed ECGP+RTE+SUP were the most likely to exceed the UL (12.8%; 95% CI: 7.1%, 18.5%).
Because intake above the UL occurred only among supplement users, we further examined average daily intake of folic acid from supplements: 0, 1-200, 201-400, and .400 lg (Figure 2) . The estimated proportions of US adults in each group were 60.6%, 10.9%, 23.5%, and 5.9%, respectively. The median total folic acid intakes in the 4 subgroups were 173, 316, 546, and 983 lg folic acid/d, respectively. Less than 1% of adults who consumed an average of 400 lg folic acid/d from supplements exceeded the UL: 0.47% (95% CI: 0.02%, 0.91%) and 0.56% (95% CI: 0.27%, 0.85%) of adults who consumed 1-200 or 201-400 lg folic acid/d from supplements, respectively, and 47.8% (95% CI: 39.5%, 56.0%) of adults who consumed an average of .400 lg folic acid/d from supplements.
Serum and RBC folate, serum vitamin B-12, homocysteine, and MMA concentrations A significant dose-response relation was observed in serum and RBC folate, vitamin B-12, and homocysteine concentrations relative to the usual median intake of folic acid consumption group. Compared with adults who consumed ECGP only, for example, among those who consumed ECGP+RTE, ECGP+SUP, and ECGP+RTE+SUP, the geometric mean serum folate concentrations were 25.3% (95% CI: 22.1%, 28.4%), 44.1% (95% CI: 39.9%, 48.3%), and 80.0% (95% CI: 63.1%, 88.2%) higher, respectively ( Table 3) . Compared with adults who consumed ECGP only, geometric mean MMA concentrations did not differ from those of adults who consumed ECGP+RTE (P . 0.05) but were 10% lower in adults who consumed ECGP+SUP.
These relations appeared to be consistent and significant across age, sex, and race-ethnicity groups, with the exception of serum vitamin B-12 and MMA concentrations among Mexican Americans and MMA concentrations among non-Hispanic black adults and adults aged 19-39 y. The differences in these concentrations by folic acid consumption groups were not statistically significant (P . 0.05).
Prevalence of high serum folate and vitamin B-12 depletion
The absolute differences in the adjusted prevalence of high serum folate concentration by folic acid consumption group were modified by sex, age group, and race-ethnicity (P , 0.05), but the prevalence ratios were similar across sociodemographic groups ( Table 4) . Compared with adults who consumed ECGP only, adults who consumed ECGP+RTE+SUP were '10 times more likely to have high serum folate concentrations and 70% less likely to have vitamin B-12 depletion.
DISCUSSION
Since the initiation of fortification, ,3% of US adults have exceeded the UL for folic acid. We estimated that nearly 60% of US adults consumed folic acid from RTE and/or supplements and 15% from both. Compared with the consumption of ECGP only, regular consumption of RTE with folic acid was associated with about a 100% higher usual intake, and use of supplements with folic acid with about a 200% higher intake. Despite the contributions to median folic acid intakes of ECGP, RTE, and supplements, the 94% of US adults who do not consume supplements or consume 400 lg folic acid/d from supplements are unlikely to exceed the UL for folic acid. 1 ECGP only, consumed enriched cereal-grain products only, excluding ready-to-eat cereals and supplements containing folic acid; ECGP+RTE, consumed enriched cereal-grain products plus ready-to-eat cereals; ECGP+SUP, consumed enriched cereal-grain products (excluding ready-to-eat cereals) plus supplements containing folic acid; ECGP+RTE+SUP, consumed enriched cereal-grain products, ready-to-eat cereals, and supplements containing folic acid.
2 Percentages are weighted, and CIs take into account the complex sampling design. Median usual folic acid and vitamin B-12 intakes and interquartile ranges (25th and 75th percentiles) were estimated from PC-SIDE (Department of Statistics, Iowa State University) with jackknife replicate weights and were adjusted for participant ID, age, sex, race-ethnicity, interview method (in person or by phone), and day of the week. n values are unweighted. ECGP only, consumed enriched cereal-grain products only, excluding ready-to-eat cereals and supplements containing folic acid; ECGP+RTE, consumed enriched cereal-grain products plus ready-to-eat cereals; ECGP+SUP, consumed enriched cereal-grain products (excluding ready-to-eat cereals) plus supplements containing folic acid; ECGP+RTE+SUP, consumed enriched cereal-grain products, ready-to-eat cereals, and supplements containing folic acid.
The median usual daily intake of folic acid among adults who consumed ECGP only (138 lg) was slightly higher than the Food and Drug Administration's estimated range of 70 to 130 lg (2). Among adults who consumed ECGP only, higher usual mean folic acid intakes occurred in men than in women, in adults aged ,60 y than in those aged 60 y, and in nonHispanic whites than in non-Hispanic blacks (t tests, P , 0.01 for all). These associations are consistent with differences in the estimated postfortification changes in folate intake from a previous study (12) , but not with mean serum or RBC folate concentrations in the current study. This finding may be related to differences across population subgroups in natural food folate intake or folic acid metabolism.
Our results, in agreement with previous studies, indicate that the consumption of RTE and/or supplements contributes significantly to intakes of folic acid and that supplements or RTE are associated with higher serum folate and/or lower homocysteine concentrations (9, (13) (14) (15) . Our study also indicates that the consumption of RTE and/or supplements with folic acid is associated with higher usual vitamin B-12 intakes and concentrations among US adults. More than 95% of RTE and supplement consumers also consumed vitamin B-12 from these sources (data not shown).
The masking of vitamin B-12 deficiency is a concern among older adults (6) . Among US adults aged 60 y, a higher prevalence of high folate concentrations and a lower prevalence of vitamin B-12 depletion were positively associated with intake of RTE and/or supplements with folic acid. The estimated joint prevalence of low vitamin B-12 status (defined as ,300 pg/mL) and usual intake exceeding the UL of folic acid is 0.1% (95% CI: 0.04%, 0.26%) among all US adults and 0.1% (95% CI: 0.01%, 0.71%) among US adults aged .60 y. These estimates are statistically unreliable because of the small number of US adults in our sample who both consumed .1000 lg folic acid and had low vitamin B-12 concentrations (unweighted n = 11 adults, n = 3 adults aged . 60 y). Lower MMA concentrations were associated with consumption of supplements with folic acid (t test, P , 0.001 for differences in adjusted geometric means for ECGP+SUP or ECGP+SUP+RTE compared with ECGP only), but not RTE (t test, P = 0.116 for difference in adjusted geometric means for ECGP+RTE compared with ECGP only). Because the vast majority of RTE and supplements with folic acid also contain vitamin B-12, consumption may reduce the risk of vitamin B-12 deficiency among older adults. As did another recent report (30) , our data suggest that US adults aged 60 y who do not consume supplements with vitamin B-12 may be at increased risk of vitamin B-12 deficiency, even those with median usual vitamin B-12 intakes of '3 lg/d from RTE (greater than the Recommended Dietary Allowance of 2.4 lg/d) (7).
The strengths of this study include its use of a large nationally representative sample of US adults, its oversampling of population subgroups by age and race-ethnicity, its adjustment for potential confounders, its use of folate and vitamin B-12 biomarkers to evaluate dose response across groups, and its application of an established statistical method by using two 24-h dietary recalls in most of the sample to estimate usual folic acid and vitamin B-12 intakes.
Potential limitations include the inability to examine temporal associations due to the cross-sectional design of the survey. Dietary data were self-reported and were collected at the time of the medical examination or shortly thereafter, and supplement data were collected over the 30 d before the survey, thus requiring that we combined intake data obtained with the 2 different instruments. The 24-h dietary recall underestimates calorie intake by '11% (31), but this does not indicate that micronutrient intake is also underestimated by the same amount. Actual folic acid and vitamin B-12 in foods may be higher or lower than that estimated in the nutrient database. Average nutrient intakes from supplements do not reflect irregular patterns of intake for some individuals; therefore, the within-person variability in total folic acid intake may be underestimated. The amount of folic acid and 1 ECGP only, consumed enriched cereal-grain products only, excluding ready-to-eat cereals and supplements containing folic acid; ECGP+RTE, consumed enriched cerealgrain products plus ready-to-eat cereals; ECGP+SUP, consumed enriched cereal-grain products (excluding ready-to-eat cereals) plus supplements containing folic acid; ECGP+RTE +SUP, consumed enriched cereal-grain products, ready-to-eat cereals, and supplements containing folic acid. 2 Adjusted for age, sex, race-ethnicity, current smoking status, and BMI (calculated in weight in kilograms divided by height squared in meters) in multiple linear regression models. Analyses were weighted and took into account the complex sampling design. 3 Unweighted n; unweighted n with methylmalonic acid measurements in the NHANES 2003-2004 in parentheses. 4 P values for testing differences in adjusted concentrations across different folic acid exposure groups based on Satterthwaite-adjusted F tests.
vitamin B-12 intake from supplement labels may be an underestimate (32) . The sample size was inadequate in some groups, which resulted in unstable estimates of prevalence of excessive usual intakes. Nonresponse bias may result in an overor underestimate of the total folic acid intake among US adults; however, estimates are weighted according to nonresponse. Compared with the consumption of ECGP only, consumption of RTE and/or supplements with folic acid is associated with higher folate and vitamin B-12 intakes and concentrations among US adults. Less than 3% of US adults exceeded the UL for folic acid in [2003] [2004] [2005] [2006] . Almost all of these adults consumed an average of .400 lg folic acid/d from supplements. As recommended by the Institute of Medicine, persons aged 51 y should consume the required amount of vitamin B-12 from synthetic sources (7). Our results and others (30) suggest that further investigation of the average daily amount of synthetic vitamin B-12 required to prevent deficiency among older adults is warranted. The authors' responsibilities were as follows-QY and MEC: had full access to all of the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis; QY, MEC, LBB, and RJB: study concept and design; QY, MEC, HCH, AC, RJB, CMP, and LBB: analysis and interpretation of data and critical revision of the manuscript for important intellectual content; QY and MEC: draft of manuscript; QY, AC, and MEC: statistical analysis; and QY: study supervision. None of the authors had a conflict of interest. 
